Abstract-Ultrablack materials play an essential role in astronomical observation and many thermal applications. Many material systems such as vertically aligned carbon nanotubes have produced extraordinarily high absorption, but require complicated fabrication. Here we report a single step self-masked etching process performed on compressed-coal graphite plates on a silicon substrate, which produces an ultrablack material with 0.7% hemispherical reflectance in the visible region and specular reflectance below 0.7% between 850 nm and 10 µm. Nanoscopic pieces of silicon are ripped off the substrate and deposit on the graphite resulting in carbon nanoneedle structures, which grow linearly with etching time reaching a height of 5.7 µm after 60 minutes.
INTRODUCTION
An ideal black body, which absorbs all electromagnetic waves at all wavelengths, plays an essential role in the development of modern physics and has numerous technological applications [1] [2] [3] . While an ideal black body is not achievable, a variety of material platforms have enabled ultrablack materials that have nearly zero reflection and emit radiation in accordance with the black body spectrum. Ni-P [4, 5] , vertically aligned carbon nanotubes [6, 7] , and noble metals [8] are the most prominent established methods for the production of ultrablack materials. These ultrablack materials have many exciting applications in thermophotovoltaics [9] , thermal detectors [10] , infrared imaging [11, 12] and thermal management [13] . Since room temperature black-body's radiation has a peak around a wavelength of 10-µm, broadband ultrablack material (from VIS to mid-IR) is a good system for radiative heat transfer especially in the outer space where radiative transfer is the only way to dissipate heat.
Absorbers based directly on silicon are an attractive idea, since silicon is the most widely-used material in the semiconductor and solar industries. Many methods, such as femtosecond-laser pluses [14] , wet-chemical etching [15] , dry-etching [16] , have been applied to fabricate silicon-based absorbers. However, all these methods are limited to a relatively narrow band by the material properties of silicon. The typical absorption band for silicon-based absorbers is from 350 nm to 2000 nm.
Carbon is an ideal material for absorption since the π-band's transitions are active at any wavelength longer than the hard UV region. Vertically aligned carbon nanotube arrays (VANTA) are the best known material for approaching perfect absorption. They have been used to get an ultra-black absorber across a wide spectral range from UV (200 nm) to far infrared (200 µm) with the reflectance well below 1% [6] . However, their production requires elevated temperatures and complicated techniques and the final product is somewhat fragile. We have previously reported a flexible ultra-black absorber consisting of smooth [17] or hairy [18] nanocones produced through nanoparticle and photoresist masked etching of highly ordered pyrolytic graphite (HOPG) respectively. The hairy nanocone material is of comparable quality to VANTA materials of a similar thickness, but is limited by the requirement of a high quality initial carbon material. Other allotropes of carbon such as vitreous carbon foam, graphene and pyrolytic carbon have been reported as strong absorbers in many wavelength ranges. Vitreous carbon foams have shown reflectance below 1% in the THz range [19] . Graphene sandwich structures show a reflectance around 1% and absorbance around 85% in GHz range [20] . Amorphous pyrolytic carbon coated ultrablack silicon material has reflectance as low as 0.5% in the visible range [21] .
Here we report an ultrablack absorber made from a compressed-coal graphite plate by selfmasked [22] dry-etching technique where nanoscopic silicon is sputtered onto the graphite surface from the substrate resulting in the growth of high-quality vertical carbon nanoneedles. This method uses a low-cost graphite plate and the process is very simple and scalable. The absorber shows a broadband absorption from the visible (450 nm) to the mid-infrared (10 µm) range with a reflectance below 1%. The formation and composition of the nanoneedle structures on the surface are explored by using XPS elemental analysis, which confirms that the nanoneedles emerge from the self-mask effect during the dry-etching process.
EXPERIMENT
The ultra-black absorber made from compressed-coal graphite plate (10 × 10 × 1 mm, Shuguang Carbon Industry Co., Ltd.) was fabricated by oxygen-plasma etching in an inductively coupled plasma reactive ion etching (ICP-RIE) system. The sample was placed on a silicon/silicon oxide wafer which provided the nanoparticle masks responsible for the formation of the structures. The reactive gas was pure oxygen (O 2 ) with a typical flow rate of 90 sccm. The ICP RF power and the RIE RF power were 100 W and 300 W respectively. The etching time was varied from 10 minutes to 60 minutes with a fixed chamber pressure of 30 mTorr.
The dimension and morphology of the structures were observed using top-view and tilt-view modes of the RAITH 2 scanning electron microscopy (SEM) operating at a 5 kV acceleration voltage. Optical reflectance measurements on the absorbers were carried out using three different optical measurement systems. The hemispherical (specular + diffuse) reflectance from 450 nm to 850 nm was measured using the Ocean Optics USB2000+UV-VIS spectrometer mounted with an integrating sphere ISP-REF.
The reflectance was normalized to a standard white board. A Shimadzu UV-3101 spectrophotometer was used for characterizing the specular reflectance in the range from 850 nm to 1700 nm. A Bruker VERTEX 70 Fourier transform infrared (FTIR) spectrometer with an unpolarized light source was used to measure the specular reflectance with an Au mirror as the reference in the mid-infrared region. The minimum incident angle for specular reflectance measurement was 12 degrees in the FTIR system. X-ray photoelectron spectroscopy (XPS) was performed using the Thermo Fisher Escalab250Xi to characterize the elemental composition of the absorber surface.
RESULTS AND DISCUSSION
Etching a low quality graphite plate on top of a silicon substrate yields a surprisingly high quality ultrablack material through the formation of carbon nanoneedles beneath nanoscale silicon masks. Fig. 1 shows the tilt-view SEM images of the graphite-based absorbers with different etching times. The nanoneedle structures begin emerging from the surface after etching for 10 min (Fig. 1(d) ). With increased etching time, the density and the height of the nanoneedles are increased. The graphite plates visual appearance becomes increasingly dark with increased etching times (Figs. 1(c)-(f) insets) . We use tilt-view SEM to characterize the height and width of the nanoneedles for different etching times. The diameter of the nanoneedles is typically less than 100 nm for all the samples. For the height measurement, since silicon is continuously sputtered during the etching process, only the tallest nanoneedles indicate the height produced by the earliest masks in the etching process. The height of nanoneedles grows from 0 to around 5.7 µm at 60 minutes etching time. The graph in Fig. 1(b) shows that the height is generally linear in etching time. The reflectance spectra of the absorbers are characterized in the visible, near-IR, and mid-IR regions. In the visible regime (450-850 nm), the hemispherical (specular and diffuse) reflectance spectra was measured by a spectrometer with an integrating sphere attachment. As shown in Fig. 2(a) , the total hemispherical reflectance of the absorber prepared with 60 minutes etching time is around 7%. As a comparison, the absorbers with etching time below 60 min show a higher reflectance above 1%. The specular reflectance of the absorbers across the near infrared (Fig. 2(b) ) and mid infrared region (Fig. 2(c) ) shows that the longer etched samples have improved absorption across all the wavelengths of interest. The reflectance of the absorber is well below 0.7% over the mid infrared range for the sample etched for 60 minutes. These results represent similar performance in the visible and near-IR when compared with pyrolytic carbon coated black silicon but better performance in the mid-IR [21] . Since the sum of reflectance (R), transmission (T ), and absorption (α) equals 1 in thermal equilibrium, the absorption can be calculated as α = 1 − T − R. The thickness of our samples is 1 mm, so we assume that zero transmission occurs. According to Fresnel's law, the reflectance on a boundary is determined by the impedance mismatch at the boundary:
Consequently, the most critical design requirement for any ultrablack material is that there is a smooth transition between the impedance of the air and the impedance of the absorbing material. This is usually accomplished with tall narrow needle-like structures such as VANTA or relatively diffuse disordered materials. According to the effective medium theory [18] , the effective refractive index of the surface can be calculated with a weighted average of the materials present:
where f f is the filling factor of the nanoneedles, and n g and n 0 are the complex refractive index of graphite and air. As the etching time increases, the height, density, and polydispersity of the nanoneedles will increase, and the filling factor will decrease which give a smaller effective refractive index of the surface (shown in Fig. 1(a) ). As a result, it will produce a smoother impedance interface between the bulk graphite and air which results in a lower reflectance. Effective medium theory is only valid when the thickness considered is larger than the wavelength of light. When the wavelength becomes • across the range from 1.7 µm to 10 µm (c). The pristine graphite plate (black) shows a specular reflectance near 10% throughout the mid-IR, while the absorber with 30-minute etching (blue) has a specular reflectance that grows from 1% to 9% as the wavelength is tuned form 1.7 µm to 10 µm. The 60 minutes (red) etched sample shows relatively uniform specular reflectance of 0.03% until 6 µm and then grows to 0.7% by 10 µm.
comparable to the height of the tallest needles on a given sample, the reflection begins to grow since an effective medium calculation needs to include some of the solid substrate. The sample etched for 30 minutes shows this growth in reflectance around 1.2 µm (Fig. 2(b) ), and the sample etched for 60 minutes shows this characteristic growth around 6 µm (Fig. 2(c) ).
To understand the mechanism of nanoneedle formation, we use the XPS analysis to study the elemental composition. Fig. 3(a) shows survey scanning results for pristine compressed-coal graphite and the absorber after etching for 10, 20 and 30 minutes. The elemental composition determined from this XPS measurement is presented in Table 1 . As the etching time increases, we see Silicon and Aluminum entering our material as a result of the self-masking process. Table 1 presents the atomic concentration of C, O, Si and Al. Little (∼ 1%) aluminum contamination appeared after 30 minutes of etching. Since the chamber and the clamping ring is made from aluminum, some aluminum may be sputtered during the dry-etching process. During the etching process the silicon and oxygen present on the surface of the graphite quickly saturate around 23% and 29% respectively. Since we run the oxygen plasma for a long time before fabricating our devices, silicon cannot come from the former recipe. Consequently, the only silicon source is the silicon/silicon oxide substrate wafer. During the etching process, the sputtering of silicon occurs on the silicon/silicon oxide wafer and some silicon particles are redeposited on the graphite plate surface (Fig. 3(b) ). As a result, these silicon particles work as nanomasks during etching process. As the etching time increases, some silicon masks will be etched, and new silicon masks will deposit on the surface, which potentially accounts for the steady concentration of the silicon with etching time.
To confirm that the silicon was originating from the silicon wafer, a control experiment was conducted. Polyimide (PI) tape was used to cover the silicon wafer and prevent silicon sputtering during the oxygen etching. Then the PI-covered silicon wafer was used as the substrate in the ICP-RIE etching system. All other etching conditions were still the same with the absorbers during the process. As expected, after etching for 30 minutes, the etched graphite plate was still similar to the pristine one (Fig. 3(c) ), which confirmed the self-mask effect was responsible for the nanoneedle formation. Since there was no mask on the graphite surface, no structure formed on it (Fig. 3(c) ). This further supported that nanoneedle structures were the key factor for the high absorbance. The self-masked dry-etching method has been found in the electron cyclotron resonance (ECR) plasma system for varied materials by using carbon-based reactive gases [22] . During the process, reactive gases can react with the substrate and form carbon-based composites. These composites will act as masks among the etching process. Here we found that the self-mask effect can cause by the sputtering of the silicon substrate. Compared with these methods, our method only use oxygen as the reactive gas, which is safe, cheap, and environmentally friendly. Since the carbon is a naturally broadband absorber compared with silicon (which is transparent in the infrared regime), our graphitebased absorber shows a much wider absorption band than any pure silicon ultrablack material [23] . Table 1 . The gas flow during the etching process sputters silicon from the substrate onto the graphite which acts as the mask for the growth of the nanoneedles as schematically depicted in (b). (c) A control experiment where PI tape is used to cover the silicon substrate demonstrates that after 30 minutes of etching there is no noticeable effect on the graphite plate indicating that the silicon substrate is the source of the mask.
CONCLUSION
In summary, we fabricated a graphite-based ultra-black absorber by self-masked dry-etching method. The device shows reflectance below 0.7% from visible to infrared range (450 nm-10 µm), which is comparable to many more complicated ultrablack material systems and a broader band than pure silicon ultrablack materials can achieve. These structures are the consequence of silicon sputtering and redisposition during the etching process. This one-step technique makes it possible to fabricate a scalable ultrablack material. Since the graphite is an abundant and cheap material in nature, this device is very promising for mass production to meet applications such as thermal management and thermal imaging.
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